ABSTRACT. Ab initio calculations are used to determine the basic physical properties of hydrogen adsorption at the Nterminated GaN(0001) surface. It was shown that the Fermi level is pinned at the valence band maximum (VBM) for hydrogen coverage θH = 0.75 ML above which the Fermi level is shifted to the conduction band minimum (CBM). Application of the electron counting rule (ECR) indicates that for θH = 0.75 0.75 ML, the Fermi level is not pinned, located in the bandgap. Ab inito calculations confirmed that hydrogen adsorption energy depends on the Fermi level at the surface as predicted and explained earlier {Krukowski et al, J. Appl. Phys. 114 (2013Phys. 114 ( ) 143705-1-12 & 115 (2013 043529-1-9}. The adsorption energy contains electron transfer contribution, below θH = 0.75 ML to VBM and above that coverage to CBM, thus it is ∆Eads(H) ≅ 5.8 eV and ∆Eads(H) ≅ 3.1 eV for a single H atom for these coverage ranges, respectively. Accordingly, the H2 equilibrium pressure at GaN(0001) surface varies from very low for θH < 0.75 ML, about 10 -20 bar to a fraction of a bar for θH > 0.75 ML.
Introduction
The recent 2014 Nobel Prize in Physics awarded to Akasaki, Amano and Nakamura reflects not only their contribution to technological breakthrough in shortwave optoelectronics and understanding of the physical properties of nitride semiconductors but also the importance of the domain. 1 The cornerstones in the progress of understanding the basic properties were: the discovery of p-type doping by Amano and Akasaki 2 , and the determination of the nature of p-type activation by hydrogen free annealing by Nakamura. 3 These discoveries laid foundations for fast development of new branch of optoelectronics, based on GaN/AlN/InN devices such as blue, violet and recently green laser diodes (LDs) marking the cornerstones of the progress in the domain. [5] [6] [7] [8] [9] Another application of these nitrides is the development of high electron mobility transistors (HEMTs). 10, 11 Apart from typical electronic applications, a possible application of the latter structures includes molecular sensing, immensely important in biology, medicine and other areas. 12 All these devices were fabricated on a polar Ga-terminated GaN(0001) surface.
The opposite N-terminated surface, GaN(0001), lagged behind for very long. It is well known that both gallium and nitrogen GaN polarity may be enforced on sapphire by appropriate nitridation before growth. [13] [14] [15] The growth experiments proved, however, that the obtained N-polar layers have significantly higher density of dislocations and other defects. 13, 14 In addition, the coalescence of such layers to obtain a smooth layer surface is difficult. 16 Recent developments proved that successful coalescence of GaN islands may be achieved under the proper thermodynamic condition including III-V ratio and the presence of hydrogen. 17 The GaN(0001) surface drew more attention only recently as single GaN crystals are available. 13 Thus an important step in development of N-polar technology has been achieved as the numerous growth experiments require easily accessible cheap substrates. At present, high quality GaN substrates are available at a very high cost, useful for the mature technology where the substrate cost is not important. 18 An additional important advantage of this orientation is that the N-polar GaN surface is chemically active so it can be etched easily allowing application of mechano-chemical polishing, using standard acid or base etchants. 19 The N-polar growth orientation may be interesting for several important applications, such as a switched location of the twodimensional electron gas (2DEG) at AlGaN-GaN heterojunctions to obtain higher mobility 20, 21 or high efficiency visible light emitting diodes (LEDs). 22 Particularly interesting is the concurrent growth of N-and Ga-polar structures, opening a possibility of fabrication of lateral polarity junctions 23 nonlinear optical and acoustical devices 24 or even polarity selective patterning. 25 Thus the growth at the N-polar orientation presents interesting possibilities for optoelectronics and electronics.
An important feature of the growth at the N-polar orientation is extreme sensitivity of growth kinetics to thermodynamic conditions. 26 This is partially related to a strong interaction of the GaN(0001) surface with hydrogen atoms. 27, 28 The surface kinetic processes depend strongly on hydrogen originating from decomposition of ammonia and the from carrier gas. 29 Thus the investigation of hydrogen interaction with the GaN(0001) surface is important from the point of view of basic understanding of its properties and may contribute also to the development of the technology.
The GaN(0001) surface is chemically active, prone to oxidization, therefore experimental procedures should include characterization of the surface chemical state by Auger Electron Spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). [29] [30] [31] [32] The experimental data show a variety of structures at GaN(0001) surfaces, such as 1 x 1, 3 x 3, 6 x 6 and c(6 x 6) reconstructions. 29 These structures are observed during or after the growth in MBE chambers; they are created in the case of surplus of gallium atoms at the surface reflecting a different arrangement of the surplus gallium atoms in several monolayers.
Electronic properties and their relation to the chemical state of the GaN(0001) surface were thoroughly investigated using angle resolved photoelectron spectroscopy (ARPES). [22] [23] [24] [25] [26] The first measurement by Chao et al., indicated the presence of two surface states, the upper dispersionless at VBM, and lower, highly dispersive, extending down to 4 eV below VBM. 33 The two different chemical states of the surface were positively identified, the first part is covered by gallium adatoms in the 'on-top' positions, and the second part is the clean surface with no adatoms. 34, 35 The latter is characterized by the presence of almost dispersionless surface states band at the top of the valence band, related to N dangling bonds, 35, 36 in a good agreement with ARPES data obtained by Chao et al. 33 The highly dispersive state was identified as related to Ga coverage of the GaN(0001) surface. 37 The two different chemical states were confirmed in the Ga desorption kinetics measurements [38] , low-energy electron diffraction (LEED) 39 and x-ray photoelectron diffraction (XPD). 40 Recent X-ray measurements indicated that the MOVPE grown GaN(0001) surface is stoichiometric. 41 The stability of the clean GaN(0001) surface was therefore confirmed and its basic electronic properties were identified by ARPES measurements.
The properties of the GaN(0001) surface were also investigated using DFT calculations. [42] [43] [44] It was shown that at a clean GaN(0001) or partially Ga occupied surface, a dispersionless state, originating from dangling nitrogen bonds, emerges at the valence band maximum (VBM), pinning the Fermi level. [42] [43] [44] Other DFT investigations lead to a conclusion that the GaN(0001) surface stable structure corresponds to a Ga adatom in H3 position 45, 46 or a Ga adlayer 46 depending on the gallium chemical potential layer. These findings are not compatible with the recent XPS measurements. 41 In the recent calculations, we have found that Ga adsorption leads to emergence of the donor state which pins the Fermi level at 1.1 eV above VBM which is compatible with the Fermi level pinned at the surface for p-type GaN and is inconsistent with n-type bulk. 47 Recent investigations dramatically changed the overall picture of adsorption at semiconductor surfaces. [48] [49] [50] It was found that due to charge redistribution at the surface and between the surface and the bulk, the adsorption energy depends on the pinning of the Fermi level at the surface or, in the absence of pinning, on the doping in the bulk. Thus, for the first time, the electronic properties of the surface and molecular processes were intimately linked. This complicated picture requires a detailed analysis of the electronic properties of the surface. Such an analysis will be made below, for an important case of hydrogen adsorption at the GaN(0001) surface.
Calculation procedure
In the calculations reported in this paper, the DFT based, commercially available code VASP (Vienna ab-initio simulation package) was used. [51] [52] [53] [54] Depending on the size of the supercell used in the calculations, the following cut-off energies were used for the plane wave basis set: for 1 x 1 x 1 -Ecutoff = 700 eV, for 1 x 1 x 8 -Ecutoff = 600eV and for 2 x 2 x 8 -Ecutoff = 450 eV which were shown by Lepkowski and Majewski 55 to be sufficient for a simulation of the basic physical properties of GaN. In the test calculations for the elementary cell, i.e. the 1 x 1 x 1 cell, the Monkhorst-Pack grid (12 x 12 x 6) was applied during relaxation to the minimum energy position, while in the surface calculations, a 9 x 9 x 1 grid was used in the k-space integration. 56, 57 The selfconsistent field (SCF) loop was terminated when the difference between the two subsequent total energy values was smaller than 10 -6 .
In all these calculations, Projected Augmented Wave ultrasoft pseudopotentials for Ga, N, H1.25 and H, employing the generalized gradient approximation (GGA) functionals with Perdew, Burke and Enzernhof (PBE) parameterization to exchangecorrelation energy, were used. 58 As a quality test of the planewave expansion employed, the following lattice constant were obtained: a = 3. In the simulations of the surface properties, it is necessary to account for additional electrostatic dipole contribution from the polarity of GaN and also from the separation of the charge used for occupation of the surface states and screening by termination atoms. This is compensated using the Neugebauer and Scheffler dipole correction as implemented in VASP. 60 The vacuum thickness was 20 Å that combined with the dipole correction is sufficient to assure the independence of the slab replicas. In order to speed up the calculations, the initial relaxation of the atomic positions was made without a correction that considerably enhanced convergence of the SCF loop. The final relaxation steps were made using the full model, employing the correction, thus the final positions are precisely determined.
An analysis of the hydrogen adsorption at the GaN(0001) surface based on ab intio data Determination of the basic features of the adsorption processes at semiconductor surface requires the three following steps:
-identification of the quantum states, both energy and the type, at the surface, existing and emerging due to the processes, -determination of the possible Fermi level pinning at the surface states using the electron counting rule (ECR), -verification of the ECR predictions by ab initio results for adsorption, -determination of the equilibrium pressure of molecular hydrogen above the GaN(0001) surface.
In the result, the possible coverage regions corresponding to the Fermi level, pinned at specified surface states, are marked. Following these procedures, by ab initio calculations the adsorption energies are determined for each region.
Quantum states at GaN(0001) surface
As it was already determined by ab intio calculations, the clean GaN(0001) surface is characterized by the presence of the dispersionless state, close to the valence band maximum, related to the broken bonds of nitrogen atoms. [42] [43] [44] [45] [46] [47] In Figure 1 , we present the results of spin polarized calculations determining the properties of the clean GaN(0001) surface. As it is shown, the nitrogen s states are not involved in the creation of dispersionless states close to VBM. The state is related to p states i.e. effectively to the pz broken bond state. Thus the basic results are confirmed in these calculations. The spatial profile of the band diagram shows no electric field within the slab provided that the Fermi level is located at VBM, which is typical for p-type doping in the bulk. Since the nitrogen broken bond states are degenerate with VB, they should be occupied at standard experiment conditions. In addition to the clean GaN(0001) surface, the other important case is a single hydrogen atom attached at the slab surface. The simplest possible case assumes a single atom in a 2 x 2 slab, i.e. to θH = 0.25 ML uniform hydrogen coverage of the GaN(0001) surface. This case is depicted in Figure 2 . As it is shown, the hydrogen related states are located deep in the VB, thus they are fully occupied for all possible positions of the Fermi level at the surface. This is used below in the ECR analysis of the system.
ECR analysis of hydrogen at GaN(0001) surface
The clean GaN(0001) surface may be analyzed using standard tools. The nitrogen atom has four bonds in which all its 5 electrons are distributed. Therefore, each of eight states has 5/8 electrons which, for the two spin orientations, makes in average 5/4 electron for single broken bond. Thus for full occupancy an average 3/8 electrons for single state are needed that is equivalent to 3/4 electron for a single bond. In accordance to the results above, the three pairs of nitrogen states create bonds with neighboring Ga atoms and, as shown in Figure 1 , they are located within VB. The remaining two p states have no overlap with the atoms, thus they represent a broken bond. As shown above, the dispersionless state is located at VBM. Thus the state is partially occupied and the Fermi level is pinned. The system is electrically neutral as shown in Figure 1 by a spatial band profile despite the existence of a polarization charge and related fields in nitrides as was discussed by Eller et al. 61 They argued that the polarization induced a surface charge may reach 10 12 charge/cm 2 , the value compatible with our earlier estimate of the surface charge at the GaN(0001) surface, equal to about 0.01 eo/site and the site density 10 15 cm -2 . 62 Hence the surface charge may compensate the polarization effects leading to flat bands in Figure 1 . Figure. 2. Spatial distribution band states in the direction perpendicular to the surface (left diagrams), band diagrams (middle) and density of states (DOS -right) of the 2 x 2 eight GaN atomic layers slab with a single hydrogen adatom, representing the 0.25 ML hydrogen covered GaN(0001) surface. The DOS line plot present the states of the topmost nitrogen atoms: total -gray, s states -green, p states -blue. In addition, the magenta line represents DOS of the H adatom. The slab is terminated as in Figure 1 .
The other case of interest is that of the H atom attached. The fraction of hydrogen occupied sites is denoted by α. Nitrogen contributes in average 5/4 electrons from the broken bond and one hydrogen electron to occupy 2 quantum states (for two spin orientations) that generates a surplus of 1/4 electrons so the hydrogen related states are donors. Nitrogen, with no atom attached, needs 3/4 electrons to occupy the two broken bond states. Thus the unoccupied nitrogen states are acceptors. The fraction of unoccupied nitrogen sites is denoted by β. Naturally, the recent results on bonding in GaN suggest that the nitrogen atom is not hybridized, 8 but the bonds are associated with four neighbors so, according to ECR, on average, 5/4 electron is associated with each nitrogen broken bond. The total number of electrons from the nitrogen atom is five, thus independent of the bonding, the number of electrons in the surface broken bond states is not changed. The bonding electrons occupy the surface states as these states are degenerate with VB:
where the last equality stem from the normalization condition of the donor and acceptor states:
The solution of these equations gives the ECR condition:
where the single occupation of the surface sites by H adatoms is taken into account. Accordingly, it is expected that for hydrogen coverage below 0.75 ML, the Fermi level is in VB, for these above 0.75 ML, the Fermi level is in CB, while for 0.75 ML, the Fermi level is not pinned, in the bandgap. The ab initio results presented in Figure 3 verify these predictions.
As shown in Figure 3 , the DFT based band diagrams confirm the Fermi level positions from the ECR predictions, it is located in VB, in the bandgap and in CB for the coverage equal to 0.5 ML, 0.75 ML and 1 ML, respectively. Thus the ECR scenario for the Fermi level position is confirmed by the DFT results. 
Hydrogen adsorption at GaN(0001) surface
According to the predictions in Refs 48-50, the hydrogen adsorption energy remains constant for given pinning of the Fermi level, i.e. it is independent of the doping in the bulk and weekly changes with the coverage. Then, at the ECR coverage, the Fermi level at the surface undergoes a sudden jump to the new value corresponding to the new pinning point. At ECR coverage, the adsorption energy depends on the position of the Fermi level in the bulk which, in this particular case, translates into the dependence on the doping in the bulk. These data were verified by ab intio calculations in which the adsorption energy was calculated using the following formula:
which could be also used for the adsorption energy of a hydrogen molecule:
where these energies are total DFT energies of the simulated systems and ∆Ediss(H2) is the hydrogen molecule dissociation energy, equal to ∆Ediss(H2) = 4.56 eV/molecule. 63 The adsorption energy of atomic hydrogen in function of the hydrogen coverage is presented in Figure 4 . As shown there, the adsorption energy of hydrogen is drastically different for the two coverage ranges. For the low coverage range, below θH = 0.75 ML, the hydrogen adsorption energy is ∆Eads(H) ≅ 5.8 eV for a single H atom. The value is constant for the whole coverage range below 0.75 ML which excludes the commonly invoked interaction with the neighbors as the factor responsible for the variation of the energy value for higher coverage. Small variations observed for θH < 0.2 ML are caused by numerical errors. In addition, as shown in Figure 4 , the value is essentially identical for 2 x 2 and 3 x 3 slabs confirming that the result is not affected by the influence of the neighboring cells. Generally, the adsorption energy for the coverage θH < 0.75 ML, ∆Eads(H) is much higher than the hydrogen molecule dissociation energy, equal to ∆Ediss(H2) = 4.56 eV/molecule. 63 Such a large value of ∆Eads(H) confirms a dissociative character of the process. Accordingly, the energy of adsorption of H2 molecule may be deduced as 7.04 eV/molecule.
For higher coverage θH > 0.75 ML, the adsorption energy is much lower. Due to the geometric restrictions, only few points were obtained and shown in Figure 4 . The hydrogen adsorption energy is about ∆Eads(H) ≅ 3.1 eV/atom. The adsorption energy of molecular hydrogen is therefore equal to 1.6 eV/molecule. The energy for high H coverage is much lower which is related to the fact that hydrogen attached to the surface contributes to one electron. A nitrogen broken bond contributes to 5/4 electron on average which sums up to 9/4 electrons to occupy 2 states of an H adatom.
Thus an excess of 1/4 electron emerges and therefore the hydrogen adatom acts as a donor of electron which has to be transferred to the band states. Similarly, a nitrogen broken bond acts as an electron acceptor in agreement with the chemical behavior of nitrogen acting as the Lewis base ("B") and hydrogen as the Lewis acid ("A"). 64 For coverage below 0.75 ML, the Fermi level is pinned below VBM, thus the target is the VB state. For coverage above 0.75 ML, the Fermi level is shifted above VBM, thus the target state is the CB state. Therefore, the energy gain related to the electron transfer is much higher for low coverage which explains the difference in adsorption energies presented in Figure 4 . The difference is roughly equal to 2.8 eV which corresponds to the bandgap in the PBE approximation in analogy to similar results obtained for hydrogen and ammonia at the Ga-polar GaN(0001) surface. 49, 50, 66 Note that the transition is not related to the charge balance of the entire slab, as shown in Figure 4 ; the transition occurs for the same coverage, independent of the charge of the hydrogen termination atoms.
Equilibrium pressure of hydrogen above GaN(0001) surface Assumption of chemical equilibrium between the GaN(0001) surface and the vapor entails equality of chemical potentials of hydrogen
where these symbols denote the chemical potential of adsorbed hydrogen at the surface, atomic and molecular hydrogen in the vapor consecutively. The chemical potential of adsorbed hydrogen may be expressed as:
where the configurational entropy approximation is used for the entropy term and the vibrational contribution is neglected. 67 The chemical potential in the vapor may be expressed as:
where the latter term represent the thermodynamic potential of molecular hydrogen, given as (x = T/1000, where temperature is expressed in kelvins and pressure in bars): 67 
which is expressed using DFT energies as
where the enthalpy at 0K is replaced by DFT total energies. Using these relations, the final equation for the chemical equilibrium is obtained: which is used for determination of the pressure-coverage dependence for several selected temperatures presented in Figure 5 . The latter term, which is usually of 0.1 eV order is sometimes neglected [67] . The equilibrium pressures were obtained for two benchmark temperatures: 1300 K corresponds to a typical GaN growth by MOVE or HVPE methods while 1000 K is in the range used for activation of the magnesium acceptor by annealing in a hydrogen free surrounding. The obtained data proves that the adsorption energy difference change related to the position of the Fermi level drastically changes the equilibrium pressure above the GaN(0001) surface. Generally, due to large adsorption energies for θH < 0.75 ML, the pressures are in range of 10 -20 bar. A considerable decrease of adsorption energy for θH > 0.75 ML induces a pressure increase by about 20 orders of magnitude to the typical experimental values, close to 1 bar.
Conclusions
The results described above may be summarized as follows. Ab intio calculations confirmed that at the clean GaN(0001) surface, the Fermi level is pinned at VBM. They showed that hydrogen is attached at the GaN(0001) surface in the atomic form. Adsorption of hydrogen at the surface creates surface states located deep in the VB. Thus all new states are occupied as the Fermi level is pinned at VBM at the GaN(0001) surface. Application of ECR shows that adsorption of hydrogen creates a donor state which donates 1/4 electron to the unoccupied VB states. It showed that the critical coverage is at θH = 0.75 ML at which the Fermi level is shifted from VBM to CBM.
The ab initio calculations confirmed earlier predictions that energy of adsorption depends on the pinning of Fermi level at the surface. As the H-related states donate electron to unoccupied states, the adsorption energy depends on the electron transfer energy gain. Therefore, adsorption energy for coverage range θH < 0.75 ML is higher and is ∆Eads(H) ≅ 5.8 eV for single H atom and ∆Eads(H2) ≅ 7.04 eV/molecule. For higher coverage θH > 0.75, the adsorption energy is much lower as the electron transfer is to CB state. It is ∆Eads(H) ≅ 3.1 eV/atom and ∆Eads(H2) ≅ 1.6 eV/molecule respectively.
Such a drastic energy difference affects the equilibrium pressure above the GaN(0001) surface. Generally, it is very low for θH < 0.75 ML, about 10 -20 bar. It is increased drastically for θH > 0.75 ML where it attains the pressure equal a fraction of a single bar.
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